A roof solar chimney (RSC) is inclined in the roof of a building wherein solar radiation is employed to heat the air the channel. The hot air flows up the channel which can be used to induce flow out of the building in order to ventilate it. In this study, parameters that affect the performance of this natural ventilation system were investigated numerically, namely: inclination angles, channel gaps, solar intensities, vertical chimney attachment heights and channel expanding angles. The two last parameters were new concepts that seem to have never been studied before. All of the mentioned parameters were found to exhibit positive effects on the ventilation. Relative merits of these techniques were compared and discussed.
Introduction
The concept of solar chimney has been employed since ancient past to induce flows to ventilate buildings. Recently it has been adapted to be an electricity generating device [1] - [3] . Building ventilation, however, has been the main application area of this concept [4] - [18] . In this method air contained between a parallel channel, normally under a building's roof, or in a vertical chimney, is heated by solar heat flux so that its density is reduced. The lighter air is "pulled" by buoyancy to flow upward through the inclined channel or a chimney or a chimney-liked structure. The upwardly flowing air is manipulated to induce the surrounding air to ventilate the building. The concept is very simple but to design a good ventilating system based on this principle requires a great deal of theoretical knowledge and proven experimental data.
Bansal et al. [4] [5] developed a theoretical model to predict that a solar chimney system could induced air flow around 50 -165 m 3 /h per 1 m 2 of solar collector area. They also found, both theoretically and experimentally, that the cross sectional area and the height of a solar chimney could significantly affect the air flow rate. Gan [6] also found similarly but noted that a chimney that was too high could induce a reversed flow near its top. Beneficial effects of channel width, height, and solar intensity were confirmed by Bouchair [7] , Burek and Ha-beb [8] and Afonso and Oliveira [9] .
The study of Hamdy and Fikry [10] reported that roof inclination of 60˚ produced the best results. Zhai found that roof inclination could be reduced, while increasing efficiency, by using a double channel set up instead of a single channel. Several works on roof solar chimney (RSC) had been conducted by Hirunlabh et al. and Khedari et al. [12] [13]- [16] . Their collective works had suggested that the best roof channel widths should be 10 -14 cm and optimal lengths of 1 -2 m, while the inclination angles should be 20˚ -45˚. Tongbai and Chitsomboon proposed a vertical chimney attachment on top of the roof channel structure and found additional benefit [17] .
From the literature reviewed above it can be concluded that air flow rate through RSC was found to be basically dependent on: solar intensity, chimney height (or roof inclination), channel width, chimney attachment as well as manipulations on the configurations. The qualitative trends of past researches agreed well with one another but with some quantitative differences.
The recent works of Tongbai and Chitsomboon [18] [19] have found that expansions of the channel along the flow path could also help increase the air flow rate. This finding was based on an analysis of the theoretical model of Chitsomboon [1] and was confirmed by Koonsrisuk and Chitsomboon [20] in the context of a solar chimney for electricity generation.
The main objectives of this study were to reinvestigate the beneficial effects (or the lack thereof) of all the mentioned parameters in a wider range and to compare their relative merits. By using the same tool for these investigations the results could be compared more credibly than before. Another objective was to introduce the concept of using the expanding channel to a wider audience since up until now it was circulated only within a small research community of Thailand.
Methodology
ANSYS CFX, Release 11.0 [21] is the basic CFD (Computational Fluid Dynamics) tool that was used in this study. The CFD code was based on the finite volume methodology with the unstructured grid. Before endeavoring into the computation, the program was validated by solving for a free convective flow over a heated flat plate. Good comparisons of the computed results with those of the similarity method [22] in Figure 1 help establish confidence in the forthcoming computations.
A schematic of the full-featured roof solar chimney is as shown in Figure 2 . In this configuration the air channel is expanding along the flow path (with the angle, β) and a vertical chimney is also attached at the exit. The conditions used for the computational test cases are as indicated in Table 1 .
Assumptions and conditions used in this study were as follows: Two-dimensional air channel. Uniform volumetric heat source to simulate the solar heat absorption. Laminar flow (low Grashof number). Boussinesq's approximation for density change due to heat. Numerical convergence deemed by RMS residuals and mass flow rates in channel The second assumption is plausible because we are more interested in qualitative solution rather than quantitative solution. In other words, we are interested in the macroscopic behavior of the flow so that we can observe trends and relative merits of each technique. Detailed heat transfer models certainly will improve quantitative results slightly but should not change trends and qualitative behaviors of the solutions. Figure 3 indicates that the flow rate increases with the channel expansion angle. The relationships are almost linear to about 5 degree and decline gradually thereafter. The declines were probably due to the flow being separated from the wall which is often observed for flow in a diffuser. At about 6˚ expansion the flow rate increased by about 24% over the no expansion case. This is quite significant and it offers a new means to enhance the ventilation rate. Experiments are needed here to confirm the findings of this study.
Result and Discussion

Effects of Channel Expansion Angles
The reason behind the increase of the flow rate is perhaps that of the diffuser effect whereby the flow at inlet can increase its velocity and hence reduces its pressure according to the Bernoulli's principle. The low pressure at the inlet can be recovered through the expanding channel (again by the Bernoulli's principle) and equilibrate itself with that of the surrounding at the exit. Observe also that the graphs wiggle at about 7 degree expansion; this was due to the mentioned flow separations. More expansions beyond the separation limit cause the air flow rates to reduce for all insolations due to increased frictions caused by progressively larger flow separations. 
Effects of Air Gap
Like previous researchers, we found that the increase of air gap (channel width) could increase the flow rate. In Figure 4 , it is evident that the air flow rates increase approximately linearly with the air gaps. At low insolation when the air gap is increased from 10 cm to 60 cm the air flow rates increase as much as 250%. Our finding here, however, contradicts Khedari et al.'s finding [12] wherein they reported that the optimal air gap should be about 14 -16 cm for a 1m long channel, beyond which a decreased flow rate resulted.
The contradiction with Khedari et al.'s findings could be due to the fact that in Khedari et al.'s experiment the increased air gaps helped promote heat losses to the sides of the channel while in our numerical investigations such losses were ignored. If this is really the case then it suggests that sidewall insulation is very important.
It is interesting to note that as the air gap is widen the air temperature is reduced, hence the reduction of the buoyant driving force and air velocity. But it seems that the increase of the cross sectional area overcompensates the reduced velocity such that air mass flow rate increases. This could be a subject of further theoretical and experimental investigations.
Effects of Roof Inclinations
In this study the roof inclination was increased while keeping the base (horizontal) length constant; thus, the height increases with the inclination. The base length was set as the projected area of the 2 m long RSC inclined at 15˚. With this set up the total solar heat added were the same for all cases; any changes in the flow rate were due solely to the roof inclination. It is not a surprise to see that the flow rate increases with the roof inclination, as is shown in Figure 5 . At air gap of 10 cm when the angles increase from 15˚ to 45˚ the ventilation increases by about 90%; this is quite significant.
The rates of increase of the flow rates appear to be almost linear. The general reason for the increase simply is the stack effect due to the increase of the vertical height of the channel. A steep roof obviously performs better but its accompanying cost and architectural connotation must also be considered in a ventilation design. The mild bend down at 30˚ and bend up 60˚ of the graphs are believed to be the effect of the height being increased with θ tan and the bends here are characteristic of θ tan curve.
Effects of Chimney Attachment
Several past studies had been conducted on solar chimney in building ventilation but they used chimneys also as a means to collect solar radiation, either in a vertical or an inclined arrangements. In this study a vertical chimney is attached to the inclined channel's exist mainly to provide an additional height for the system and not for the purpose of adding heat; this is more plausible to the tropical part of the world where the sun is high. The re- sults, shown in Figure 6 , indicate an increase of the flow rate with the height of the vertical chimney attachment. In this configuration the roof angle was 45˚ and the roof length was 1 m, giving the roof height of 0.71 m by attaching the "passive" vertical chimney for another 1 m the flow rate increase by about 67%. The results of the case for β = 4˚ are also shown in the plot. In this case only the roof portion was expanded while the chimney portion was straight. The advantage of the expansion angle is seen to be lesser as the chimney is longer. This is believed to be due to the effect of lesser buoyant force caused by a lower air temperature in the expanded roof
The Chimney attachment offers a new design alternative with different architectural appeals as well as cost.
Chimney V.S. No Chimney
In this design, a flat roof is combined with a vertical chimney to give the same overall height as the inclined roofs without chimneys. From an engineering point of view it is interesting to see whether the two designs, with the same overall height, will produce similar flow rate. Figure 7 provides the comparisons of the two systems wherein it is seen that the roof without a chimney performs slightly better. At the chimney height of 1 m the air flow rate reduced by about 15% below the level of the no-chimney condition. This is believed to be the effect of friction since the flow has to turn a sharp corner formed at the juncture of the flat roof and the vertical chimney. It is obvious that, a combination of a less inclined roof with a chimney attachment can be made to give the same total mass flow rate as a more inclined roof.
Conclusion
The numerical study performed in this study has confirmed the trends of some of the previous studies in the past, namely that flow rates in solar chimney for building ventilations increase with air gap, roof inclination and insolation level. Wider air gaps helped increase the ventilation most significantly, up to 250% as the gap increased from 10 to 60 cm. The continuous increase of ventilation with the air gap contradicts the finding of a past investigation which proposed an optimal air gap width. This contradiction is believed to be due to the heat losses to the side panels which were not included in this study. Two new concepts, namely, the longitudinally expanded channel and the (passive) vertical chimney attachment, have been introduced and found to help increase the ventilation rate even further and quite significantly. These new concepts offer new design alternatives for the natural ventilation of a building. 
